Background and objectives Travel distance to healthcare facilities affects healthcare access and utilization. Using the example of patients with kidney disease and nephrology services, we investigated the feasibility and utility of using geographic information system (GIS) techniques to identify the ideal location for new clinics to improve care for patients with kidney disease, on the basis of systematically minimizing travel time for remote dwellers.
Introduction
Residents of remote communities may experience increased morbidity and mortality because of chronic diseases such as cardiovascular disease, chronic kidney disease (CKD), and cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) . Increased travel time to receive specialty care for such illnesses is a potentially reversible determinant of adverse outcomes, and several studies have shown that increased distance between the patient's residence and the closest relevant medical specialist is associated with adverse outcomes (9 -12) . Even within a relatively small geographic area, shorter distances to healthcare services and availability of such services at the nearest center were strongly related to increased utilization of healthcare and better outcomes (12) (13) (14) (15) (16) (17) (18) (19) (20) . Given that geography is a potentially reversible barrier to accessing healthcare services, careful planning to optimize the placement of future healthcare facilities with the goal of enhancing service and improving healthcare outcomes for remote dwellers is critical.
The last decade has witnessed increased use of geographic information systems (GIS) analysis for measuring access to health services and facilities, healthcare utilization, and relationships with healthcare outcomes (6, 7, 9, 12, (21) (22) (23) (24) . However, the use of GIS techniques to determine the optimal location of a healthcare facility with the goal of optimizing patient access is limited (12, 18, 20, 25) . Given Canada's vast size and relatively sparse population, GIS techniques have the potential to inform decisions on location of healthcare facilities including planning for clinics to care for people with chronic diseases. This study utilizes GIS techniques to identify the ideal locations for up to four new nephrology clinics in Alberta, considered the maximum feasible number of new facilities given current resource constraints.
2005. Patients on renal replacement therapy at baseline were excluded from the analysis. The first outpatient serum creatinine measurement during this period was used to define baseline kidney function. For the purposes of this analysis and to ensure that that the identified patients had significant CKD, we defined a population of patients with estimated GFR (eGFR) of Ͻ45 ml/min per 1.73 m 2 (as estimated from the Modification of Diet in Renal Disease prediction equation). Residence location of participants was on the basis of the residential postal code as recorded in the Alberta Health and Wellness (provincial health ministry) registry file during the calendar year corresponding to the first eGFR measurement. The locations of the 17 existing clinics were determined by obtaining their postal codes from the Northern and Southern Alberta Renal Programs ( Figure 1A ). These clinics were mapped on the basis of 2009 postal code locations.
GIS Techniques
We used buffer analysis and network analysis to determine the ideal locations for new nephrology practices (clinics) that would provide services for diagnosing and managing patients with kidney disease. Buffer analysis involves creating a specified distance barrier around a given point or line and estimates the geographic variables (e.g., occurrence of postal codes) that occur within the barrier (27) . Network analysis involves the computations of the distances of interest within a set road network (28) (such as calculating the distance or travel time between patients' residences and the closest healthcare facility). Travel times were calculated using posted speed limits. An origin-destination cost matrix was created using ESRI Network Analyst (www.esri.com) with patients' homes as origins and facilities as destinations (28) .
Our specific objective was to determine the best locations for four new clinics by minimizing the number of patients traveling Ͼ120 minutes to see a nephrologist. We chose to focus on travel time because greater distance and travel time from the closest nephrologist have both been associated with worse outcomes in people with advanced CKD (29) , but travel time is arguably more relevant to patients.
The patients' residence locations and the 17 existing nephrology clinics were mapped on the basis of their postal codes. Because postal codes correspond to a region rather than a discrete location, we mapped the residence location of participants using the single linkage indicator (SLI). The SLI is the geographic location within a postal code that is associated with the majority of dwellings (Figure 1A) . Although not all residents of a given postal code will live at the precise coordinates of the SLI, the SLI represents the best single estimate for the residents of that postal code. To minimize misclassification resulting from use of SLI to classify residence location, we took two steps. First, we considered only valid postal codes to ensure that inaccuracies caused by outdated postal codes were not a concern. Second, we used broad categories of travel time to classify participants with respect to residence location (0 to 30, 30 to 60, 60 to 90, 90 to 120, and Ͼ120 minutes, all referring to the distance between each participant's home and the location of the closest nephrologist). These categories were selected to reduce the risk that small inaccuracies resulting from use of the SLI would lead to misclassification regarding expected travel time to the closest nephrologist.
The algorithm used to determine this objective was developed specifically for this project and designed to reduce the number of calculations and thus computation time ( Figure 2 ). It uses a two-step sampling process that is consistent with conventional GIS methodology. Starting in the northwest corner, we narrowed our search by cycling through adjacent 60-km buffers, temporarily eliminating all but one postal code in each buffer. Then after selecting the buffer containing the postal code that performed our objective best, we considered each of the previously eliminated postal codes within the selected buffer and reapplied our objective. Once a potential "best" location for a new clinic was identified, it was added to the existing list of potential clinic locations, and this procedure was repeated to determine the locations of additional clinics. The ideal locations for up to four new clinics are shown in Figure 1B . We then generated 16 scenarios (Table 1) representing the possible combinations of not adding any new clinics or adding one, two, three, or four new clinics at these four locations. In a sensitivity analysis, we tested the effect of starting in the southeast corner.
Service-area polygons for each of the different traveltime intervals (0 to 30, 30 to 60, 60 to 90, 90 to 120, and Ͼ120 minutes) were generated for each of the scenarios. The number of patients residing in each of these service-area polygons was calculated and recorded as a percentage of patients for each travel-time category. This would determine the closest facility for each patient and also compute the individual patient travel time. Total travel times for all patients and by eGFR subgroups were calculated for each of the scenarios. Cartographic techniques were used to visualize the results.
Results
We studied a population-based sample of 31,452 patients with eGFR Ͻ45 ml/min per 1.73 m 2 , most of whom lived Ͻ30 minutes from a nephrology clinic (Table 1 ). Figure 1A indicates the locations of major cities and existing nephrology clinics in Alberta; 14 of the 17 existing clinics are located in Edmonton and Calgary. Figure 1A represents the density of CKD patients distributed across Alberta. Red shading is shown near Calgary, Edmonton, Lethbridge, and Medicine Hat, indicating a higher density of patients. Cities such as Grande Prairie, Red Deer, and Fort McMurray have a density of patients that is intermediate between rural areas and those of the four major cities.
We were able to identify geographic locations for all clinics and for 99.7% of patients within the existing road network. To examine the possibility that use of the SLI as the primary index of residence location would affect our results, we calculated the number of postal codes for which using an alternative (SLI ϭ 0) location would lead to a shift of estimated residence location by Ͼ50 km (selected as a distance that was likely to lead to movement between travel-time categories). Of approximately 80,000 postal codes in Alberta, only 35 postal codes met this criterion, affecting a maximum of 531 participants (1.7%) in the worst case scenario.
Locations for the four proposed clinic locations as determined by the algorithm (Figure 2 ) are shown in Figure 1B . Under the status quo, 74.3%, 8.1%, 6.5%, 2.5%, and 8.6% of patients lived Ͻ30, 30 to 60, 60 to 120, and Ͼ120 minutes from the closest nephrology clinic, respectively. Adding the four proposed facilities would reduce the number of patients living Ͼ120 minutes away by 1955 (72.5%) and increase the number of patients living Ͻ30 minutes from a clinic by 520 (2.2%). Figure 3 indicates the implications of adding new facilities for the percentage of patients in each travel time category. Adding three new clinics could reduce the number of patients living Ͼ120 minutes away by as much as 65% (scenario B) and as little as 40% (scenario E). Adding two new clinics could reduce the number of patients living Ͼ120 minutes away by as much as 57% (scenario F) and as little as 32% (scenario K). In fact, scenarios F and H (each with two new clinics) were better for reducing the number of patients living Ͼ120 minutes away than scenario E (three new clinics). Adding one new clinic could reduce the number of patients living Ͼ120 minutes away by as much as 32% (scenario L) and as little as 13% (scenario D); scenario L (one new clinic at location 1) was preferable to scenario K (two new clinics at locations 3 and 4). Figure 1B shows the effect of using the southeast corner of Alberta as a starting point rather than the northwest corner in the algorithm for location selection and indicates the alternative locations. The locations of the four clinics are similar for both starting points, although the rank ordering of location 3 and 4 is reversed when the alternative algorithm was used.
Our primary analysis ranked each scenario with the goal of minimizing the number of patients who must travel Ͼ120 minutes to reach the closest nephrology clinic. Figure  4 presents the results sorted to maximize the percentage of patients living within 30 minutes of travel time of the closest nephrologist (highest to lowest). The results were similar to those for the primary analysis: adding four new clinics was most effective; of the one-and two-clinic scenarios, scenarios L and F were again most effective. However, of the three-clinic solutions, scenario C was slightly more effective than scenario B. Thus, if funds were available for three new clinics, choosing between locations 3 and 4 would require a trade-off between alternative objectives (e.g., minimizing Ͼ120 minutes and maximizing Ͻ30 minutes). Location 3 serves fewer patients in the Ͻ30 min- utes category and more patients in the Ͼ120 minutes category than location 4. Overall, if resources were available only for one new facility, then location 1 (close to Grande Prairie) would be the best choice (assuming that the goal is to minimize the number of patients living Ͼ120 km from the closest nephrology clinic). Locations 2, 3, and 4 are far from the major cities but are close to major highways, ensuring that patients could access them easily. Figure 5 shows the total projected annual travel time for all CKD remote dwellers combined under each scenario, assuming that the patients with eGFR 30 to 45, 15 to 30, and 0 to 15 ml/min per 1.73 m 2 visit a nephrologist twice, thrice, and four times a year, respectively. Scenarios A and C represent a substantial savings in travel time for the patients. Assuming gasoline consumption of 2 L/h, scenarios A and C would save approximately 15,305 and 14,819 L of gasoline/year for patients residing in remote areas of Alberta, respectively. Table 2 represents the total number of hours and liters of gas saved for each scenario.
Discussion
Our data show that it is feasible to use GIS techniques together with population-based clinical data to determine the optimal locations for new nephrology clinics. Our method was used to calculate the effect of selecting up to four new locations for conventional nephrology clinics, staffed by a full-time nephrologist and associated staff. However, similar methods could be used to select locations for a larger number of clinics or to choose the optimal locations served by mobile units that would serve multiple sites. Despite the established associations between limited access to healthcare facility locations and adverse outcomes from chronic diseases (14,18 -20,25) , there are surprisingly few data examining where to place new healthcare facilities to improve access and healthcare delivery. Previous studies have focused on locating facilities to serve the maximum number of patients rather than minimizing travel time for remote dwellers (17, 30) .
The province of Alberta, Canada, has a geographic area of 660,000 km 2 but only 17 nephrology clinics, which are chiefly located in major cities. Although most CKD patients with eGFR Ͻ45 ml/min per 1.73 m 2 live within 30 minutes (by road) of the closest clinic, a substantial proportion live Ͼ2 hours away, which may affect their ability to access healthcare. This is important because recent studies have documented higher mortality among patients with stage 3 to 5 CKD living farther from the closest nephrologist (5). We offer these GIS techniques as an alternative to the current practice of arbitrarily locating new facilities on the basis of perceptions about patient demand. These findings may be applicable when planning the locations for future healthcare services for other chronic diseases requiring regular medical follow-up such as diabetes, cardiovascular disease, cancer, and chronic respiratory illnesses (13) (14) (15) (16) (17) (18) 20, 25) .
In our example of the province of Alberta, the next nephrology clinic should ideally be located in Grande Prairie (approximate population 109,000) (31), which is located approximately 400 km from the nearest existing clinic. As expected, adding additional clinics continued to reduce the number of people living Ͼ120 minutes from the nearest clinic, but the incremental absolute reduction in this number declined as the number of new clinics increased. For example, the best one-clinic scenario reduced the number of people living Ͼ120 minutes by 876, whereas the best two-, three-, and four-clinic scenarios reduced this number by 1557, 1759, and 1955, respectively. In addition to Grande Prairie, our findings identify three other locations where future clinics could be purposefully located to reduce the number of people living Ͼ120 minutes from the nearest clinic. Options for staffing the new clinics would include an on-site nephrologist, off-site nephrologists with the aid of Telehealth, or nurse practitioners with telephone support from off-site nephrologists. Of these, the first would likely be the most acceptable to patients, although the latter two could be explored if difficulties were encountered in recruiting a nephrologist or nephrologists to these areas.
In addition to these Alberta-specific findings, our results have three important lessons for others to consider. First, this method is computationally intensive (the results presented herein required approximately 240 hours of processing time on a modern desktop computer). Our algorithm ultimately selected four locations from the 80,000 potential locations across Alberta. Although processing time was reduced by initially creating 60-km buffers (and excluding postal codes within these buffers from analyses) and excluding patients already served within 120-minute service-area polygons, this requirement should be borne in mind when considering GIS methods. Second, selecting the ideal locations for new clinics requires a criterion standard for "adequate" access to care. In our primary analysis, we attempted to minimize the number of patients who lived Ͼ120 minutes from the closest clinic. The results were generally similar when maximizing the number who lived Ͻ30 minutes from the closest clinic. However, the optimal three-clinic scenario was slightly different for the Ͻ30-minute objective than for the Ͼ120-minute objective. Future work should attempt to identify a more objective basis for which criterion should be used, perhaps on the basis of the preferences of patients, healthcare planners, or society in general. Third, our method assumed that new facilities would be located in the geographic area with the majority of dwellings of each postal code. Although minimally affecting our estimates of travel time, this assumption means that additional work will be required to determine the optimal location of new facilities within each postal code. Address geocoding and use of a local "points of interest" (such as shopping malls or hospitals) database are important potential tools that could be used to identify specific locations for future clinics within each postal code. Our study also has some limitations that should be considered. Some patient residences could not be located on the road network while calculating the travel times and thus were excluded from analysis. However, because this only affected a small percentage of the study population (Ͻ0.3%), this should not have had a major effect on our results. Similarly, the road network does not include dirt or unpaved roads. This might have affected our estimates of travel time (especially for remote-dwelling patients), but the effect of this omission on our results should be very small, because approximately 88% of the Alberta roads are paved (32) . As mentioned, we used the SLI to estimate the residence location of participants. However, our use of broad distance categories and the small number of postal codes for which misclassification might have occurred suggests that this is unlikely to have affected our results. Another potential limitation is that our method requires selection of an alternative starting point for computation (our primary analysis used the northwest corner of Alberta). However, results were similar in a sensitivity analysis using an alternative starting point, suggesting that this arbitrary decision did not affect our findings. We did not consider the potential effect of public transport on our findings, but public transport is not widely available outside urban areas of Alberta, making it unlikely that more detailed analyses incorporating this consideration would have affected our conclusions. Finally, we assumed that clinics would be fixed (stationary). However, our data would also permit consideration of mobile clinics that might serve several areas. Future studies should use GIS techniques to identify potential areas for mobile clinics that will minimize the travel time for remote-dwelling patients.
Using GIS techniques in conjunction with populationbased clinical data to systematically identify potential locations for new CKD clinics (with the objective of minimizing travel time for patients) represents a significant advance over existing methods. Although we did not compare our technique against educated guesses made by knowledgeable observers, the use of GIS techniques is reproducible and objective, potential advantages compared with arbitrary clinic selection (no matter how well informed), which leaves decision-makers potentially vulnerable to criticism from jurisdictions who were not selected to receive a new clinic. Our systematic approach would save considerable travel time for patients, facilitating their access to renal services and (because distance from the closest nephrologist is associated with reduced likelihood of receiving good quality care and with excess mortality), perhaps improving their clinical outcomes. Because prolonged travel time is a major barrier to adequate healthcare, constructing new clinics with the explicit aim of minimizing travel time could not only improve patient outcomes but also might save substantial quantities of fossil fuels, thus reducing environmental pollution. These techniques could be used to improve healthcare planning for other chronic diseases.
